Acrylic cement, used to fixate total hip arthroplasty (THA), creeps under dynamic and static loading conditions. As a result, THA stems which are debonded from the cement, may gradually subside, depending on their shape and surface roughness. The purpose of this study was to evaluate the relationship among dynamic load, creep characteristics, interface friction, and subsidence patterns.
INTRODUCTION
It has been suggested that cemented femoral stems in total hip arthroplasty (THA) should be designed to take advantage of the creep properties of acrylic cement (Fowler et al, 1988) , These authors proposed a double tapered stem which can subside within the cement mantle to accommodate the gradual creep deformation of the cement mantle. To optimize this effect, they suggested that stem-cement friction should be minimized. Hence, the stem should be as smooth as possible. However, quantitative relationships between friction and subsid ence are unknown. It is also unclear to what extent cement creeps when exposed to the stress levels that typically occur in a cement mantle, and what the effects on load transfer and the endurance of the reconstruction would be. Several investigators have measured the creep properties of bone cement under static loading condi tions (Chwirut, 1984; Saha and Pal, 1982; Oysaeed and Ruy ter, 1989; Treharne and Brown, 1975) . They found that creep strains are extensive and can exceed the elastic ones. Because acrylic cement in vivo is loaded dynam ically, we performed cyclic tensile and compressive tests Received to establish the relationships among creep strain, load level, and the number of loading cycles Huiskes, 1994,1995a) . As a result of these investiga tions, the creep behavior of acrylic cement under un idirectional static and dynamic loading conditions is now well established.
The purpose of this study was to evaluate the relation ship among dynamic load, creep characteristics, interface friction, and subsidence patterns. Using laboratory ex periments and finite element (FE) models, it was investi gated whether prosthetic subsidence occurs due to creep of acrylic bone cement when loaded dynamically, and how it is affected by friction at the stem-cement interface.
METHODS

The experiments
Two laboratory experiments were performed with two taper-cement structures. The two straight metal tapers, identified as Taper 1 and Taper 2, were implanted in cement mantles [ Fig. 1(a) ]. The taper-cement com posites were stored in saline at body temperature for more than one month to permit complete polymerization and water absorption in the cement, and to allow for relaxation of the residual stresses caused by the shrinkage after cement curing ( mantles had a uniform thickness of 10 mm. The tapers had top angles of 8°, a distal diameter of 10 mm, and a length of 100 mm; their surfaces had been highly polished. The surface roughness were measured at four locations resulting in an average roughness value of 0.033/zm (S.D. =0.0025) for Taper 1, and 0.039 /¿m (S.D. =0.0019) for Taper 2. On the surface of each ce ment mantle six unidirectional strain gauges were at tached, measuring the circumferential hoop strains [ Fig.  1(a) ]. To enhance the reliability of the strain data, gauges were mounted in pairs, one gauge at the frontal side, the other at the back side. Each gauge was incorporated in a quarter Wheatstone bridge. To be able to monitor the drift in the gauges during the experiments, two additional (dummy) gauges were attached to a small unloaded piece of acrylic cement. The strain gauges were sealed with a layer of silicon rubber and the taper was placed in a 38°C bath of saline solution. The subsidence of the tapers relative to the top of the cement mantle was measured using an extensometer with a resolution of 0.5 /mx The tapers were exposed to compressive sinusoidal loads ranging from 0 to 7 kN at a frequency of 1 Hz for a period of 1,7 million loading cycles. During this period, the subsidence of the tapers into the cement mantles and the strain levels were monitored and stored in a com puter.
The finite element simulations
The experiments were simulated using an axisymmetric FE model consisting of 270 four-node axisymmetric quadrilateral elements [ Fig. 1(b) ], Young's moduli were set at 200 GPa for the taper material (stainless steel) and at 2.2 GPa for the cement material (Saha and Pal, 1984) . Poisson's ratio was 0.3 for both materials. The tapercement interface conditions were assumed to be frictional and simulated by 31 gap elements (MARC Analysis Cor poration, Palo Alto, CA). The coefficient of friction was not measured but was assumed to be either 0.25 or 0.50. The former value is a realistic value for highly polished, stainless steel surfaces in contact with acrylic cement (Hampton, 1981; Mann et al, 1991) . The second value was chosen rather arbitrarily, to investigate the sensitiv ity of the creep rates on the frictional properties of the taper-cement interface.
The constitutive theory used in the creep simulation was based on the same concepts as used in the flow theory of plasticity. It was assumed that the total strain is composed of an elastic and a creep strain. The iterative procedure used in the creep simulation is depicted in Fig. 2 .
The stress state in the cement mantle is three-dimen sional, as determined by three principal stress compo nents. Experimental creep data were based on uniaxial tests, which considered the presence of only one stress component (Chwirut, 1984; Huiskes, 1994, 1995a) . For this reason, the uniaxial creep laws could not be applied directly to structures with threedimensional stress states. The solution for this problem was to define an equivalent stress, which relates the three-dimensional stress state to the uniaxial one, and which could be used in the creep laws. We selected the Von Mises stress as the equivalent stress, in accordance with what is usually used in creep simulations (Hinton, 1992) .
Another problem which obstructed the direct use of the creep laws was the fact that they were determined assuming stress conditions which were either purely static (Chwirut, 1984) , or cyclic dynamic Huiskes, 1994,1995a) . However, assuming friction at the taper-cement interface, the stress state was neither purely static, nor cyclic dynamic (Fig, 3 ). Due to frictional forces at the interface, stresses were not completely re leased after unloading. Hence, the local Von Mises stress level was divided into a residual stress and a dynamic (cyclic) one. Obviously, the Von Mises stress level at full The ratio (R ) of the Von Mises stress levels in the cement in the unloaded and loaded situations was determined prior to the actual creep simulation by simulating one
To determine the creep strain due to the residual stress component, the creep law determined by Chwirut (1984) was used; Sstat = 1.798 X 1 0 '6íO,283(7r Ief 58) (5) the where t is the loading time in seconds, and ffres residual stress level in MPa. The structure was dynam ically loaded, which makes it convenient to rewrite equa tion (5) in terms of the number of loading cycles, instead of loading time. As a loading frequency of 1 Hz was used, the loading time (i) can simply be replaced by the number of loading cycles (JV), which leads to eLt = 1-798 x (6) where N is the number of loading cycles.
To determine the creep strain due to the dynamic stress amplitude, two creep laws are available. The first one describes the creep strain under dynamic tensile loading (Verdonschot and Huiskes, 1994) , whereas the second one was established for dynamic compressive loading conditions (Verdonschot and Huiskes, 1995a) . The creep strains due to the dynamic stress amplitude were calculated using one of these laws, depending on whether the local maximal principal stress (o^,.^) was tensile or compressive; hencê 
(7 b)
loading cycle (N = 1). Hence, a load of 7 kN was applied and the Von Mises stress level in every integration point was stored ( ö^dcd(iV=1)). Subsequently, the structure was unloaded which resulted in lower values for the Von Mises stresses in the cement, but not in zero values as the taper remained stuck in the cement mantle (crvm loaded(iV~1> ). Consequently the ratio of the Von Mises stress level (unloaded vs loaded) was calculated at every integration point and used to identify how much of the Von Mises stress level at full loading could be considered as dynamic and how much as residual. This ratio (R ) was then assumed to remain constant during the whole ensu ing creep process, as described by 
Similar to the application of Boltzmann principle, which can be used for linear visco-elastic materials (Young and Lovell, 1991) , the total creep strain was determined by superimposing the creep strain due to the residual load and that due to the dynamic loads; hence
where N is the number of loading cycles, and <rdyn the stress amplitude in MPa.
As the creep process developed, the stress levels in the structure changed. Hence, an incremental procedure was required, and incremental creep strains were calculated, using an appropriate time step (Fig. 2) . The value of the time step was defined by the ratio of the creep strain increment permitted, and the elastic strain. This ratio had a maximal value of 0.05 and ensured that the creep strain increments were small relative to the elastic strains; hence Aa( el (8)
The creep strain increment was then used in the FE code to calculate the various three-dimensional creep strain components (Afifr), using a flow rule, which identifies how the Von Mises stress is affected by the various stress components, according to
Using the creep-determined strain components and the stiffness matrix of the model, a nodal force vector was calculated which was subtracted from the force vector already present. Then a new FE iteration was performed with the modified force vector. This procedure was re peated until the simulation had reached 1.7 million load ing cycles, as also realized in the experiments.
RESULTS
The application of the compressive force on the taper resulted in its subsidence, and in the generation of tensile hoop strains in the cement mantle. A schematic repres entation of the subsidence pattern is shown in Fig. 4 . When the load was reduced to zero again, the taper remained stuck in the cement mantle and did not return to its original position. In the subsequent loading cycles the taper subsided only marginally until suddenly it sub sided with a relatively large step. This mechanism was repeated a number of times, resulting in stepwise subsid ence of the taper within the cement mantle with a step frequency much lower than the loading frequency Fig. 4 . A schematic representation of the subsidence pattern of the taper within the cement mantle. Initially, the taper subsided in the cement mantle, and did not return to its original position after unloading. In the subsequent loading cycles the taper subsided only marginally until suddenly the taper subsided with a relatively large step.
( Fig. 5) . These phenomena were found in both experi ments, although the steps were much smaller and the step frequency higher in the experiment with Taper 2 as com pared to Taper 1. After 1.7 million loading cycles, Taper 1 had subsided 630 fxm} whereas Taper 2 subsided 380 /zm within the cement mantle. The stepwise subsidence pattern as found in the experi ments was reproduced in the creep simulations, whereby the amount of subsidence depended largely on the value of the coefficient of friction at the taper-cement interface (Fig. 5) . Increasing the coefficient of friction from 0.25 to 0.5 led to a reduction of about 25% in the maximal Von Mises stress levels. Due to the fact that the creep strains are very sensitive to small variations in the stress levels [see equations (5) and (7)], friction considerably affected the subsidence. Increasing the friction from 0.25 to 0.50 reduced the total subsidence and the step frequency by about 50%, Assuming friction coefficients of 0.25 and 0.5, subsidence patterns were predicted approximating those found in the two experiments.
The discontinuities in the subsidence patterns could be explained by stick-slip phenomena occurring at the taper-cement interface. Figure 6 depicts only a small part of the subsidence pattern, with the stick-slipping modes of the nodal points at the interface in the FE model. When the interface was completely in sticking mode, high cement stresses occurred in the tip region. As a result, the material crept primarily in this region, leading to a reduc tion of normal interface stress, and a reduction of the frictional force. The sticking mode was then transformed to a slipping one in this region. This process continued until the whole interface was in slipping mode, leading to a relatively large subsidence increment of the taper in the Taper subsidence microns number of loading cycles (Thousands) Fig, 5 . The stepwise subsidence patterns were found in both experiments, although the discontinuities were much smaller, and occurred more frequently in the experiment with Taper 2. These patterns were reproduced in the creep simulations. A higher subsidence rate was found when taper-cement friction was reduced.
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1000 1500 2000 number of loading cydes (Thousands) Fig. 6 . The discontinuities in the subsidence patterns could be explained by stick-slip phenomena occur ring at the taper-cement interface. When the interface is completely in sticking mode, high cement stresses occur in the tip region, Consequently, the material creeps in this region, and the sticking mode is transformed to a slipping one. This process continues until the whole interface is in slipping mode, leading to a relatively large subsidence increment. cement mantle. After this point in time the process was repeated.
As the tapers subsided in the cement mantle, the hoop strains at the exterior of the cement mantle increased with the number of loading cycles. The creep strains generated around Taper 1 were consistently higher (about 20%) than those generated around Taper 2. Due to the fact that the tapers showed stepwise subsidence patterns, the increase of the strain values occurred also discontinuously. This phenomenon was also found in the FE creep simulations (Fig. 7) . The stress levels in the tip region were higher than the proximal ones. This resulted in relatively high creep rates in the former region. Vari ation in friction from 0.25 to 0.50 reduced the creep hoop strains at the exterior of the cement mantle by about 30%.
DISCUSSION
In this study uniaxial creep properties of bone cement were implemented in an axisymmetrical FE model to analyze the mechanisms involved in prosthetic subsid ence. Results were compared to those obtained with laboratory experiments. The use of the creep laws in the FE models is hampered by two problems; one concerns the multiaxial stress state apparent in the bone cement and the second concerns the stress characteristics, which are neither purely static nor purely dynamic. The first problem is quite common in creep simulations, and usually the Von Mises stress is used to generalize the multiaxial stress state to the uniaxial ones occurring in material creep tests. The second problem was solved by separating the Von Mises stress level into a static and dynamic one. Combinations of dynamic and static creep laws were then used at locations where the bone cement was loaded under a combination of dynamic and residual loads. This method introduces two uncertainties. First of all, the superposition of the static and dynamic creepstrain increments applied here, is based on Boltzmann's principle (Young and Lovell, 1991) . This principle is valid for materials that are linear visco-elastic. Hand-mixed, radiopaque bone cement has a capricious material be havior, which is very sensitive to mixing procedures, additives and test conditions, and the application of Boltzmann's principle in this study implies an ideal ization of reality, A second factor of uncertainty is the ratio that determined which part of the Von Mises stress level was subject to the static creep law and which part to the dynamic ones, In every integration point, the ratio was determined prior to the actual creep simulation and was assumed to remain constant during the creep pro cess. Hence, the static stress level as well as the dynamic stress amplitude were assumed to change likewise if the maximal stress level changed as a consequence of creep. Whether this is a realistic assumption was examined by calculating this ratio at the end of one creep simulation of 1.7 million loading cycles. It was found that prior to the creep simulation, the average residual stress was 63% of that generated at full loading. After the creep simulation, this percentage had increased to 70%. This means that the residual stress levels are higher and the dynamic ones are lower at the end-stage of the creep simulation than determined prior to the creep simulation, However, it is expected that this phenomenon will not cause large er rors in the creep strain calculation as these two errors partly compensate each other.
The study showed that stem subsidence does occur due to creep of acrylic bone cement when loaded dy namically, and can be effectively analyzed with Fig. 7 . As the taper subsided in the cement mantle, the hoop strains at the exterior of the cement mantle increased with the number of loading cycles. Due to the fact that the taper showed a stepwise subsidence, the increase of the strain values occurred also discontinuously. The dashed areas are FE results in case of coefficients of friction between 0.25 (upper boundary) and 0.5 (lower boundary).
FE-techniques. The subsidence was step-wise instead of continuous. This phenomenon was caused by stick-slip mechanisms at the interface, starting distally and grad ually working towards proximal as demonstrated by the FE simulation. The rate of this process was considerably different in the two experiments, leading to a different step frequency and total subsidence. The surface rough ness of the two tapers was almost identical, but the cement mantles were probably not, as they were produced with hand-mixed cement. This may have led to differences in bulk and interface cement porosity. This might explain the differences in total subsidence and step frequency observed in the experiments. In the FE simulations, a sim ilar trend was found when friction at the interface was varied, A relatively small increase of friction led to a signif icant reduction in step frequency and total subsidence. The rate of the creep process decreases in time, indicating that although creep does continue for a very long time, it may become insignificant after a long-term period. It should also be realized that the effects of creep in terms of subsidence and stress relaxation are consider ably affected by prosthetic design features (prosthetic shape, ridges, collar/calcar contact, surface roughness, etc.). At this point in time, it is uncertain which prosthetic type optimally accommodates creep of acrylic cement.
A tapered polished stem may subside and stabilize itself (Ling, 1992) . However, cement creep will also occur around stems which firmly bond to the cement mantle, which may lead to relaxation of cement stresses (Harris, 1992) .
The experimental and FE findings demonstrate that prosthetic subsidence is a process which is extremely sensitive to small variations in surface roughness and cement constitution. It is likely that variations in THA reconstructions in patients are larger than those in the present experiments. Large variations in the bulk and interface porosity in the cement can be expected. In their retrieval study, James et ai (1993) demonstrated that cement porosity at the stem-cement interface can be as high as 50%, and varies considerably among patients. Interface porosity not only reduces the effective surface area available for load-transfer, but also alters the stem-cement frictional properties, which will affect pros thetic subsidence as demonstrated in this study. These factors may explain the relatively large variation of in vivo prosthetic subsidence rates reported in the litera ture (Fowler et a l, 1988) .
